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FOREWORD i

This report presenis an extension of the ideas contained in
Appendix II] of AFFDL-TR-72-83, Volume .. This effort extends the
formulation given in Appendix III tc compressible flows and accounts for
forces in non-uniform flow. Upwash and sidewash modeling has been
included for the stores and ejector rack adjacent to the store for which
loading calculations are being performed. Comparisons of results with
experimental data are presented. This report covers work performed
between February 1979 and July 1980 by Calvin L. Dyer and Charles B.
Heath (AFWAL/FIGC).
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SECTION I
"NTRODUCTION

This effort extends the FDL Subsonic Store Separation Program by
changing the aerodynamic models for the separating and adjacent stores as
well as the ejcctor rack model. The method presented here ic an
extension of the work described in Appendix III of Reference 1. The
advantage of this approach is that it does not employ the slender body i
assumption of the Tinear form of the boundary condition. "

B e BT
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SECTION II
FLOW TANGENCY BOUNDARY CONDITIONS ON THE BODY SURFACE

X The coordinate systems used to calculate the source and doublet
’ strengths and associated velocities, i.e., velocities used in boundary
J condition formulation and resultant velocities once the source and
doublet strengths have been determined, are shown in Figure 1. The
_ 1 transformation o the non-uniform flow-field velocity vector from
cartesian coordinates to cylindrical coordinates is given by

i —

e

V(x,}~,e) = [V(x)cose + N(xisine + W(x)sine] ér + (1)

[W(x)cose - V{x)sine] ée + U(x)éx

where U(x), V(x) and W(x) are the components of the velocity vector in
the x,y, and z directions, respectively.

If the body surface is specified by a function

k“;i F(x, r, 8,) =0 (2)

§ then the unit normal vector to the body surface is given by

" 3 = grad #¥ —

l [grad F| (3)
{

f Where grad F = %% ér + % %E éo + %; 3x

The perturbation flow field induced by the store body can be characterized
by the perturbation velocity vector E(x, r, 8), i.e.,

¥ q (x,r,8) = u (x,r,e)e + u (x,re)e, + u (x,r,e)e (4)

Where Ups Ups and ug are the perturbation velocities in the x, r, and o
directions (see Figurc 1), tken the flow tangency boundary condition is

given by

VR,E=0 (5) ?
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! where VR (the resultant velocity) is the sum of ?, after the transformation
given by Equation 1 has been applied, and E, given by Equation 4.
f Expanding Equation 5 by using tquations 1 and 4 gives

[V(x) cos e + W(x) sine +u_ (x,r,8)] aF
ar

(W(x) cos @ - V(x) sin e + ug (x,r,e)]]/r g% +
| (U(X) + u_(x,r,8)] <& = 0 (6)
X sl 3 x

on F (x,r,e)= 0

Equation 6 is the non-linear flow tangency condition for an arbitrary body

immersed in a non-uniform flow-field. We are going to restrict ourselves

to a closed body of revolution from this point on in this report. With ?
this in mind, the local body radius (r) is a function of x alone. So, ’

r = R(x)

which can be rewritten

r - R(x) = 0
and since F (x, r, 8) = 0 describes the budy shape

r - R(x) = F (x,r,e)
which leads to

[-%]
naj

aF dR{x) 3 F

= ] = -

* 8 x dx 33

[+5]
-

Substituting into the flow tangency condition (Equation 6 yields

up (x,r,e) = [U(x) + u, (x,r,e)] g%iil - V (xjcose-W(x)sin e (8)

on the bcdy surface.

1
|
|
|
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‘The boundary conditions of Equation 8 will be split along the
cartesian axes. This allows the problem to be handled as the super-
position of three separate problams. The three problems are:

(1) Axisymmetric flow past a tody of revolution with the flow field
characterized by velocity U (x). This part of the problem will be
modeled with three-dimensional point zources, hence the subscript s.

Ure () = U(x) + uyg (xr)] 9%§5l (9)

on r = R(x).

(2) Lateral flow past the body characterized by velocity V(x).
This part of the problem will be modeled by horizontal doublets and is

denoted by the subscript d,v.

u

L (x,r,0} uxd’v (x,r,0) Q%éil - V(x) ccs e (10)

d,

on r R(x).

(3) Vertical flow past the body characterized by velocity W (x).
This part of the problem will be modeled by vertical doublets and is
denoted by the subscript D,W.

u (x.r.e) SR y(x) sine  (11)

urd’w(x,r,e) = Xy o

on r = R(x)
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SECTION III

TREATMENT OF COMPRESSIBILITY AND FORMULATION TO
DETERMINE SINGULARITY STRENGTHS

At this point, the present work departs from that of Appendix III
of Reference 1. The approach used to solve for the singularity strength
is to transform the problem to an equivalent incompressible one, deter-
mine the incompressible singularity strengths, and then transform the
resultant flow field back to the compressible case. In Reference 2,
pages 568 through 581, Karamcheti discusses the various aspects of
determining point singularities for incompressible flow past a body of
revolution. The principal transformations used are

v X " _
x''= o sy =y , 2 =2 (12)
8

u ., v = Bv , w' = Bw

r""" 13
where 8 = 1l - Mi (13)

The primes denote incompressible space. The unprimed quantities are in
compressible space (physical space). These transformations are explained
in Reference 3, pages 5 through 7. By applying these transformations,

we can use the various incompressible velocity formulas given in Appendix
III of Reference 1. In the equations that follow in this section, the
primes have been dropped for convencience, i.e., x in the formulas should
be x' and r = r' = (y‘)2 + (z')2, but since y' = y and z' = z, the prime on

u' =

r is superfluous.

The axisymmetric problem may be modeled by a distribution of three-
dimensional point sources along the store body axis. The incompressihlc
velocity components produced by N sources, located on the X axis (Figure 1)

at x;, i=1, N, at a field point (x,r) are given by:

r

n
1 u
u fx.r) T E ; '
r m " si EX - Xi)z + l"z] 3/2

s i=1
) (14)

- X
X i ,

n
( nr) = ] us'
Uy Lo 12] ‘ [(x - x,)? +r?] 32

5

fh L A T e A ———_ W} SSAE T S mm s e B
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where the usi's are the as yet undetermined source strengths. By
substituting Equation 14 into Equation 9 we get N equations for the N
source strengths, usi, if we can prescribe uxS (x,r) (the perturbation
velocity at the N control points).

n R(x,) - y SR (x,)
X - {x, - x dR(x
A D L Sl U g VL U
BEREY [("k) - xg)2 e Rz("kﬂ 3 (15)
0 < X £ 26 k =1,2,...n-2

By using the method described in Reference 4, we can d:*ine U(xk.R) for
the aircraft/store configuration of our choice. Two of the 2bove
equations will be deleted in order to enforce the existence of a
stagnation point at the store nos:, and assure that conservation of

mass is satisfied. By setting X, =0, which implies R(xk)so. in Equation 15
we force the store nose to become a stagnation point.

(16)

F-3
~

n US'

1
L w7 u(0.0)
i=]

The conservation of mass is satisfied by setting the sum of the sources
strengths equal to zero:

1 = { (]7)
J
47‘ : ] 51

This allows us to apply Equation 15 at N-2 points along the store body
surface. Experience has shown that spacing the sources proportioned to
the local body radius and applying Equation 15 at the midpoint between
successive sources gives the best results. If Equation 15 was applied at
midpoint between the N sources, there would be N-l equations. Again,
experience has shown that if we delete the fourth control point upstream

SRR VPP

o T T O VDU
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from the point on the body where the maximum radius is first
we get a favorable solution.

reached,

The second or sidewash problem is represented by a distribution of
three-dimensional point doublets whose axes are aligned horizontally to

oppose the sidewash, i.e. flow in the y direction in Figure 1.

The

incompressible velocity components produced by N doublets located on the

store bod, axis (x axis Figure 1) are given by:

u (X,r‘,@) COS 8 t :
Td,v [(x X )2 R r2]3/?
n u

d. v
3 cosa z: i?
i=1 [(x X:)°2 + r2] 5/2

( ) sing z: “di,v
u x’r’ & e e——
! 4 . (x-x,)2+ r2:13/2
i=1 i
r{x-x,
3 coso n d,,v i

[ =4
—
=
e 1
D
~—
"

1,
Xq o 00 ) 4n y-‘ 7. . v . .,:}5/2

v [Cnd K=X,J° ~ i
Ch L\ ’I

i=1

Substituting Equations 18 into the boundary conditions given by
Eyuation 10 gives:

;V(xk)

-

(18)

(19)

N
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When Xy denotes the control point location and R(xk) is the body
radius at X+ The doublets' locations and control points are chosen to
| be at the midpoint between each source. This will provide N-1 locations,
. 5 so the Nth cdoublet arnd control nr~int were arbitrariiy chosen to coincide
with the last source location. Reference 4 {is used to determine v(xk).

The third problem, upwash, is soived in the same manner as the
1 sidewash problem. N vertical doublets are piaced on the store body
longitudinal axis. The incompressible velocit, components are given by:

. i (] Udi’w - i
‘i u (X,P,e) = San d §72 j
, "d,w z (x - x,)2 + ,.2'] 5
' i=1 i i
. n TP 'Q
! 3 sin @ E dy.w |
o = 572 |
B qn =t [(x - xi)2 + ,.2] / o |
. 20 f
3 “4 |
i
u (X,P,B) = cos 6 L _
Ya,w A i=1 (x -~ x,)? + r2] /
n
Y P(X X )
o 3 sin @ Z d'i'w i j
u, o (xyryel = - S — 572
d,w i=1 [3* - X5 ¢ '%] J

Substituting Equations 20 into the boundary condition given by

Equation 11 gives:
n

- u
d;

1 oW
4 1 [zxk - xi)2 + Rz(xk)] 372

i=

dR(Xk) (2]) .
[:1 - 3R(x,) Rix) - O - xy) — = W(x,)
‘ (x = x)? + R2(x) ‘ "

0 < x, < tg; k= 1,2,...0

The nomenclature for the vertical doubiets and con.-ol point locations
is the same as for the horizontal doublets. The method of Reference 4 is
used to calculate N(xk).
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SECTION IV
SELECTION OF PRESSURF-VELOCITY RELATIONSHIP

Once the singularity strengths in Equations 14, 18, and 20 have:
been determined. they can be used to calculate the velocity at any point
on the body surface. The surface velocity car be related to the surface
pressure through various relationships. In Reference 1, the incompressible
Bernoulli equation was used. This restr cted the range of Mach numbers
for which their results would be valid, but it has the nice feature that
the analytical expressions for the circumferential pressure distribution
could be integrated in closed form. In Reference 5 and other places, it
has been found that the isentropic compressible Bernoulli equation relates
theoretical prediction to experimental results better than the theoietically
consistent linear relationship. In order to extend the present method
to compressible speeds and take advantage of this improved correlation
(Reference 5) the isentropic compressible Bernoulli equation was selected
from Reference 6 as the pressure-velocity relationship for this application.

r - e} r Y-] ? . u? = Y/(Y_‘|) .1 AN
TS M 0 g )] -1f (22)
Y s

The disadvantage to this approach is that the circumferential pres-
sure distribution is not readily amenable to integration in a closed form.
However, the pressures can be numerically integrated both circumferentially
and longitudinally.

c T T e——— o T T Bt e s e 0 n e et R o v—-—v»,—-v———w-—-——-——wr’q
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SECTION V
PROCEDURE FOR CALCULATING BCDY FORCES AND MOMENTS

The forces and moments on the separating store are calculated by
. integratina the pressure circumferentially and longitudinally on the
. surface and adding a term to account for buoyancy when the store is in
- non-uni form flow. Aft of the point of flow separatio.. a viscous cross-
flow drag coefficient is used to calculate the forces.

The equations used to determine the forces and moments acting on
the store are:

2n
) Xsep e 7
‘ Cy = f f Cp(x,e) (-sine) r(x) de dXx
: 0
. 0
r X Zn
) Cy = !sep ] Cp(x,e) (-cose) r{x) da dX
o y (23)
xsep 2n
Cep = f j (xmom - X) Cp (x,8) (-sine) r(x) ds d¥
o 0.
Xsep 2n :
CQN ! (xmom - X) Cp(x,e) (-cose) r(x) do dX i
0

Figure 1 shows the sign convention for theta. The buoyancy contribution
to the forces and moments is given by:

C Xsep d(-ﬁm) 7 ;
n - 2r fr2 — . dx )
(BY) Sp dx, s j
[}
i
Xsep  d(Yx) =
Cy( = 2" frz d w - dx
By) S X
R o S b (24)
c, o fsep “ 2 d(—u:m" ) )
= - x -
m(BY) SR(R d mom axs 5
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Ysep acxix) (24 Contd)
c 2m f 2 (o )
QN T T % (pom = X7 g 9%
(8Y) SR R A s

From Reference 1, pages 27 and 28.

Potential flow is assumed along the body up to a specified point.
After this point, the forces and moments are calculated using crossflow
drag theory. The equations for the crossflow drag forces and moments are:

-
2C bs
Cy - D¢ r (v§x2)2+ (w(x})2 w(x) dx
(CF) SR u_ u_ u_
jep
ZCD S , .
Ce v ey o g ela o dx
(CF) R . - . .
2C,, x§ep y (225)
“c °S ” ,
- vix)¢ w(x)? w{x) dx
C£M - SR %p S (xmom x) r (um ;o (u ) u_ s
(CF) A
L5ep
2c, s \ )
c’LN - 3775L- (xmom x) r (%15_3 * (giilg 5L£) %s
(CF) R'r X o £ © B

from Reference 1, page 29. Guidance is given on page 29 of Reference 1
for determining the point at which separation occurs for bodies in uniform
flow. No generalized formula has yet been devised to determine the flow
separation point on bodies in non-uniform flow fields.
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SECTION VI

PROBLEMS ENCOUNTERED AND RESULTS OBTAINED BY INTRODUCING
THE SOURCE-DOUBLET METHOD OF CALCULATING
BODY FORCES AND MOMENTS

Method verification proceeded from the relatively simple case of
univorm flow to the complex flow-field of a realis..c aircraft/stores
configuration. Comparisons were made with data from References 7, 8, and
9, to demonstrate the validity and improvement of the basic approach.
Flow-field data as well as force and moment data were used to assess the
method. Free-stream predictions were compared with data at angles of
attack of 2°, 4°, 6°, and 8° at Mach numbers of .25 and ./0. The
realistic aircraft/stores configuration was built up from a simple wing-
body configuration by the addition of various components, i.e. pylon,
rack, stores, and engine inlets. Non-uniform flow-field predictions

were compared with data at 0° and 6° angle of attack at Mach number of .70,

Several check cases were run for the ogive cylinder store (Figure 2a)
in a uniform flow. In implementing this procedure, the first problem
that occurred was negative pressures. By casting the boundary conditions
for the sources in terms of the body slope (see Equation 9) instead of
the body radius, the zero streamline is not necessarily on the body
surface. The use of body slope boundary conditions was found to give
the "best", i.e. smoothest body representation, see References 1 and 3.
No matter what is used as the boundary conditions, the mathematical
models (sources and sinks) are going to produce some waviness in the
zero streamline. The problem is illustrated in Figure 2b. To resolve
this problem at each place along the bady wh:ie .- ‘- .irface nressure was
required, the location of the zero streamlina was caiculated. The
pressure calculations were then performed on the zero streamiine,.

Once the method was giving numerical results, several other questions
arose. First, how many singularities are required to give a meaningful
answer? Of course, there is a trade-off between the number of singular-
ities and computational time. To answer ithis question, runs were made
varying the number of singularities. But before this question could be
resolved, a problem with the loading predictions on the af* end of the
store was encountered as illustrated in Figure 3. Figure 3 shows the

12

| —




AFWAL-TR-81-3059

distributed NORMAL force g%% along the store. Distributed loads obtained
by integrating experimciiially measured pressures are indicated by the
points with circles around them. The dashed 1ine shows theoretical
prediction based on slender body theo:y as given by Equation 46,
Reference 1. The solid lines represent the theoretical predictions
based on the Source-Doublet method presented in this report. Below the
horizontal axis is a silhouette of the store shape for which the
calculations were performed. At the top of ti e figure are the Mach number
and angle of attack for which the calculations were presented. The
second line of the heading gives the number of circumferential segments
the store was broken into for pressure calculations and integration in |
conjunction with the Source-Doublet predictions. Also on the second
line is the number of singularities used to model the store, i.2. the
number of sources and sinks or doublets. The axial division of the 5
body was proportional to the body radius. This was found to enhance the i
fidelity of the volume modeling (source-sink) of the body in Reference 3. |
The control points for both the source-sinks and the doublets were j
located midway between the sources on the body surface. The doublets ﬁ
were located on the body axis at the same longitudinal location as the
control points. The third line is the number of equal length body
segmen*s the store was divided into for the siender body theory
calculations. Just below the header information is the legend for the
various symbuls on the plot. To the right of the legend is the inteqrated
loads and measured loads from a strain-gauge balance inside the model.
The reference area is the store maximum cross-sectional area. The
reference length is the store maximum diameter. The moment reference
center was chosen to be at the store midpoint. The pressure data was
obtained independently of the strain-gauge balance data, so the question a
of how pressure lines bridging a balance affect the load is not a problem
in this data set. The columns are norm¢l force coefficient (Cn) and
pitching moment coefficient (( Note that the last pressure data point,
i.e. the point at x = .531 ft, is on extrapolated value. This was done

e 08 Al e, e AT 1

so Simpson's Rule could be used to integrate the loadings.
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Two problems are evident in the aft end loading. The jump in
loading at x = .48 feet is caused by shifting to the viscous cruss
flow method of predicting forces as prescribed by Equation 5C, Reference 1.
Based on the pressure data, and considering this same behavior was
observed at lcwer Mach numbers and angles of attack, it was decided to
assume the flow was attached over the whole length of the body. This
assumption is used for all subsequent calculations in this report.
Although the second problem, a large negative load, in predicting the
loading un the aft end of the store is evident in Figure 3, it is shown
much more graphically in Figure 4, This problem results from the way
the bodv wake is being modeled. To satisfy the law of conservation of
mass, the body must be closed. In References 1, 3, and 4, it had been
common practice t~ close the bodies by modeling the wake with the same
shape as the nose. This was our initial approach, but as can be seen in
Figure 4, the resultant velocities near the aft end ot the store were
much higher than experimental resulis indicate. This problem was
corrected by extending the body cne diameter downstream and then clesing
it with a waks of the same shape as the nose. Figure 5a is typical of
the loadings produced hy extending body. Based on the results illustrated
in Figure 5a and the other comparisons in the free-stream at other Mach
numbers and angles of attack. In all subsequent calculations, the wake
is modeled by extending the body one diameter downstream and closing the

body with the same shape as the nose.

At this point, we are prepared to tackle the question of how many
sources are required to adequately model the loading. As an aside to
this question an investigation into type of integration and the number
of circunferential segments required was also undertaken. Simpson's Rule
and Trapezoidal Rule integration were both tried. It was found that
twenty circumferential segments yielded converged solutions and that for
twenty circumferential segments either method of integration produced
essentially identical results, see Table 1. The Trapezoidal Rule was
employed, since it was easier to implement, faster and less restrictive
in point spacing. Figure 6 shows a plot of Cn versus the number of

singularities.

It can be seen that in the range of €0 to 70 singularities,
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TABLE 1
| Cpo Cm’ VERSUS NUMBER OF SINGULARITIES

Maéh Number = .25 Angle of Attack = 8.0°
20 Circumferential Segments

T = Trapezoidal Rule Integration

S = Simpson’s Rule Integration

;
3 *e Number of CnT Cm'r Cns Cms
Singularities
50 .26133 . 84407 .26136 . 84406
58 .26563 .85719 .26566 .85718
69 .26721 .86170 .26724 .86169
86 . 26640 .86569 .26643 .86580
98 .26659 .86b616 . 26662 .86615
15
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the solution becomes convergent for uniform flow. All subsequent cal-
culations assume that the 60 to 70 singularities will yield converged
solutions for non-uniform flow-fields as well.

— Figure 5 presents comparisons for Mach numbers of .25 and .70 for
L angle of attack of 2°, 4°, 6°, and 8°. These comparisons are for the
P ogive-cylinder store, Figure 2, in a uniform flow-field. The pressure
loadings were obtained with a single longitudinal row of pressure taps
in a meridional plane. The model was rotated through 360 degrees in j
10 degree increments. Then the pressures were integrated circumferentially ‘
to obtain the running loads that are plotted in Figure 5. The data point i
: at x = .1386 feet is somewhat questionable. It is clear from the response 3{
i to angle of attack and Mach number that the tap is not plugged. This ;
problem could be caused by a local imperfection in the bocdy surface or !
maybe a small Teak in the pressure line which woulcd be proportional to

b the pressure at the tap. It appears that the value «f DCn/DX for this

tap should be reduced in magnitude to conform to the trend of the other
data points. It is interesting to observe that reducinyg the value would
degrade the normal force correlation between the pressure and strain-gauge

data in every case presented in Figure 5. The reduction would improve
pitching moment correlation between the two types of data Yor all angles
of attack at Mach number of .25 but only at 8 degrees angle of attack at
Mach number of .70.

The agreement between the two types of experimental data and theory
is not as good as hoped for. The location of the center of pressure was
calculated for both types of data trying to get some insight into the
lack of data to data correlation. In some instances, the variation in ]
center of pressure, based on the data, was greater than one body diameter. %
The disagreement between the two types of data is not understood.

Correlation between either theoretical method and either type of A i
data was less than excellent. Both theoretical methods correlate better
with the loads obtained by integrating the pressure data. Usually
within 10 percent on normal force and 20 percent on pitching moment. é
The Source-Doublet method did predict some 1ift carry-over on to the body

16
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aft of the nose due to its three-dimensional nature. It appears that on
the upper surface of the body in the x = .17 to .20 foot range that there
may be some recompressions on the upper surface which is not predicted by
either theory. Of course, Slender Body Theory could not be expected to
predict this, since for uniform flow it degenerates into a term which is
only a function of the rate of change of cross-sectional area. The
Source-Doublet method's pitching moment prediction correlated better with
the strain-gauge data than do the Slender Body Theory predictions. Based
on this and the fact that the normal force prediction of the Source-
Deublet method were nearly as close to experimental values as the Slender
Body Theory it was decided to continue on by using the Source-Doublet
method in conjunctior with Reference 4 to predict loads in the flow-field
of a realistic aircraft/stores configurations.

The end product of this investigation is to try to improve store
trajectory prediction. Store trajectory prediction is a three-faceted
nroblem: (1) flow-field prediction, (2) force and moment prediction, and
(3) integration of the equations of motion. The first two points are
addressed in this report.

By using the method detailed in Reference 4 to prescribe U(x), V(x),
and W(x) in Equations 15, 19, and 21, respectively, the procedures out-
lined in Sections I!I and V can be applied to predict ioads in the flow-
fields of realistic aircraft/stores. The method outlined up to this
point has assumed that the flow-field is precisely known, and that the
ornly problem is developing a method to predict the forces acting on the
store. The flow-fields of real aircraft/stoves configurations are not
precisely known or predicted. There are many problems with flow-{ield
measurement and theoretical predictions. With this in mind, both flow-
field and force predictions need to be scrutinized. Wind-tunnel
measured flow-fields offer the principal yardstick to assess theoretical
prediction. Comparison with both flow-field and loading data will be
presented to evaluate the method described in this report.

Figure 7 shows the various model components for which comparisons
are presented. N1-B2 denotes the wing-body configuration shown in

17
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Figure 7a. P(1/3) stands for the pylon shown in Figure 7b attached to
N1-B2 at the 1/3 semispan position. TER is the triple ejector rack model
shown in Figure 7¢. S$2-S3 represent dummy store on the shoulder stations
of the TER. S2 and S3 both have the same shape as the ogive-cylinder
store shown in Figure 2a. (A1l stores are attached to the TER so the
store midpoint is aligned axially with the rack centerline.) The store
loading plots in Figures 8, 9, 10, and 11 have essentially the same
information on them as presented earlier for the uniform flow-field
comparisons. Some additional information is presented in the form of
ticks on the horizontal axis. From left to right they are: 1local wing
leading edge, rack nose, pylon leading edge, pylon trailing edge, aft end
of rack, and wing trailing edge These are vertical projections made
perpendicular to the fuselage reference axis down to the store centerline
in the carriage position. The data presented in Figures 8, 9, 10, and 1
are for a longitudinal traverse along the store centerline in the carriage
position. Figures 8 through 11 represent a configuration buildup, i.e.
from a simplistic configuration to a realistic one.

The correlation between the integrated pressure data and the strain-
gauge data for the non-uniform flow-field case presented are not good.
This is consistent with what was observed for the uniform flow-field cases.
If the pressure data can be used as an indication of what the load
distribution looks like, then as would be expected, the prediction
deteriorates as the configuration becomes more complex. It should be
pointed out again that these predictions are in the most complex part of
the flow-field, i.e. carriagc position. Dix in Reference 10 has found
out that large gradients in loads exist within a few tenths of an inch
of carriage position. Dix also found that extreme fidelity in modeling
the ejector rack hardware influenced captive loads. The loading presented
in Figures 8, 9, 10, and 11 are dependent on the quality of the flow-field
predictions from Reference 4. In Figures 11c, d, and e, the U(x) and W(x),
predicted by Reference 4 and non-dimensionalized by the free-stream
velocity, are compared to velocities measured in the wind tunnel. The
velocities given by the solid lines were used to make the predictions
presented in Figures 1la and b. Figures 11c, d, and e show that the

flow-field predictions generally predict the trends of the data but the
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magnitude is not well predicted. Flow-field cuwparisons were made

corresponding to Figures 8, 9, and 10 also. They showed diminishing

agreement between theory and experiment s aircraft/stores configuration

became now complete. Other comparisons simil to those presented in
Figures R 9, 10, and 11, including flow-fielus, were made and the same
general conclusion that configuration complexity causes agreement between
These additional comparisons will be

theory and experiment to diminish,
One thing that needs to be done that

published as a separate document.
was not done is to make predictions similar to those shown in Figures 1la

through e as a function of vertical displacement. These types of
comparisons would indicate where flow-field prediction needs refinement
versus refining the method of predicting forces. Based on the lack of

agreement in flow-field prediction indicated in Figures 11c through e

and supported by other > mparisons, it was decided to try to improve the

flow-field model in Reference 4,
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SECTION VII
FLOW-FIELD MODELING EXTENSION

The method of flow-field prediction in Reference 4 accuunts for
"primary interference" which is defined on page 2 of Reference 1.
Primary interference which can be termed gross interference effects
and can be viewed as the first term in an iterative procedure. The
primary interference approach fits somewhere in the spectrum between
modeling each component, i.e. fuselage, wing, and pylon, as though it
was in the free-stream and a full blown panel or inter-active approach
where every component influences every other component. This approach
was selected to try to keep the computer resources (boih time and core)
down to an economically manageable size. As part of the primary inter-
ference approach, stores adjacent to the separating store (the store on
which loads are to be calculated) and the ejector rack are modeled by
sources and sinks. This models only the volume effect and only for the
free-stream case. The source and sink strengths are calculated for each
individual body in a uniform free-stream. Then these models are
positioned in close proximity to represent the complete aircraft/store
configuration. This procedure is theoretically correct since the govern-
ing equation is the Laplace's equation which is linear, so linear super-
position of solutions is perfectly valid. The method presented in
Reference 4 does not attempt to model the upwash and sidewash caused by
adjacent stores and the ejector rack. In an attempt to improve both the
flow-field and force and moment predictions, a cross-flow model for the
shoulder stores and ejecior rack was introduced into the method of
Reference 4,

Essentially the doublet equations described in Section III were used
to generate a model of the cross~flow produced by the bodies that are in
close proximity. Doublets were placed in the horizontal and vertical
direction along the axis of each store and the ejector rack similar to the
way they were used for the separating store in Section III1. The computer
program of Reference 4 was modified to allow the whole configuration
(except the separation store whose cross-flow is being modeled) to

20
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contribute to V(x) and W(x) in Equations 19 and 21, respectively. Once
the horizontal and vertical doublet strengths were determined, then their
contribution given by Equations 18 and 20 could be added to U(x), V(x),
and W(x) in Equations 11, 19, and 21 to account for the cross-flow
induced on the separating store.




AFWAL-TR-81-3059

SECTION VIII
COMPARISONS USING THE EXTENDED FLOW-FIELD MODEL

In November 1979, the Air Force Flight Dynamics Laboratory and the
Naval Weapons Center sponsored a test at Arnold Engineering Development
Center to study the mutual intcetarence associated with the carriage of
three MK-83 bombs on a TER undei the left inboard pylon on the F-4C
aircraft. This wind tunnel test is documented in References 11 and 12.
Comparisons between theoretical prediction and wind tunnel data of force
and moment coefficients are presented as a function of vertical distance
from the carriage position. The aircraft configuration consisted of the
F-4C, see Figure 12, and the left inboard pylon {(denoted PI on the
comparison plots), see Figure 13, anc¢ the TER shown in Figure 14. Some
configurations will have duimy storcs on the shoulder stations. The
dummy stores shape is labeled "actual configuration" in Figure 15. The
"actual configuration" had to be modified in the aft end to accept the
balance and sting. The modified afterbody is also shown in Figure 15.
The suffix MU after MK-83 on the comparisons indicates modified after-
body-unfinned, while MF denotes modified afterbocdy-finned. The method
described in this report only predicts forces acting on the body. The
method described in Reference 1 is used to predict the fin forces.
However, velocities induced by the doublets of adjacent stores and the
ejector rack were included in the fin force calculations.

After the computer coding associated with the flow-field model
extension described in Section VII had begun the Flight Control Division
of the Air Force Wright Aeronautical Laboratories decided to discontinuc
work in the area of store separation prediction. The comparisons
presented here are not to the detail needed for thorough method
evaluation. The results are only to illustrate that the coding is
working, hopefully correctly, and possibly provide the foundation for
someone else to continue this investigation.

A1l comparisons presented in this section are for a Mach number of
0.60. One of the main purposes of the effort described in this report is
to include compressibility. For a thorough method evaluaticn comparisons
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must be made at higher Mach numbers. Data was taken at various Mach
numbers during the test described in Reference 12. The main variables in
the comparisons presented here are parent aircraft configuration and angle
of attack. The group number on each figure can be used in conjunction
with Reference 12 to fully define all test parameters.

Ffigures 16, 17, and 18 present results for a given configuration at
angles of attack of 1, 5, and 9 degrees respectively. The configuration
consists of the F-4C with a TER rack mounted on the left inboard pylon.

A modified afterbody MK-83 is moved vertically (perpendicular to the
aircraft waterlines) through the aircraft flow-field from its carriage
position, i.e. 7ZP/D, to a vertical distance equal to 6 diameters

below the carriage position. The first data point is not at exactly
ZP/D=0.0 because of mecharical interferences associated 'vith the test
hardware. The configuration used for comparisons is the least complex
configuration tested for which the method in Section VII would be
applicable, i.e. if the method does not show some improved prediction
capability for this case, provided the flow-fieid predicted by

Reference 4 and Section VII is reasonable then the method should be
scrapped. The legend for the various symbols on the piots are given in
the upper right-hand corner of each plot. The dots with circles around
them are data. SBT stands for slender body theory which denotes the
application of the methcd of Reference 4 unmodified. S.D. stands for
Source-Doublet and is used to denote the application of the method outlired
in Sections III and IV in conjunction with the flow-field model of
Reference 4. The suffix CFLOW indicates application of the two previously
described methods for force and moment prediction with the addition of the
cross-flow modeling described in Section Vil to the flow-field modeling

of Reference 4.

In a1l three applications, Figures 16, 17, and 18, the Source-Doublet
method improved the correlation between predicted and measured moment
coefficients (both pitching and yawing moment) over slender body theory
as described in Reference 4 with or without the flow-field modeling of
Section VIII. For yawing moment, the Source-Doublet method with cross-
flow modeling of Section VII gave the best correlation between theory
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and experiment of all four of the methods. The Source-Doublet method
without the cross-flow model gave the best prediction for pitching
moment. A substantial improvement in bcth pitching and yawing moment
coefficient prediction is obtained by applying the methods of Sections III,
IV, and VII in conjunction with Reference 4 over using Reference 4 algne.
Adding the cross-flow model does not necessarily improve the Source-
Doublet predictions as indicated in Fi.gures 16b, 16d, and Figure 17b.

The Source-Doublet method with and without the cross-flow model slightly
degrades the force coefficient predictions shown in all three figures
(16, 17, and 18). Including the cross-flow model has littie effect on
the slender body theory predictions.

In Figure 19, the cross-flow model contribution to the flow-field
was terminated at ZP/D=2.0. From Figures 16, 17, and 18, it can be seen
that the cross-flow contribution to the prediction is very small below two
store diameters. Figure 19 is for the most complex TER loading, i.e.
two shoulder stores with fins are present. The angle or attack of
parent aircraft is 5.0 degrees. The Source-Doublet method with cross-flow
model does an outstanding job predicting yawing moment, see Figure 19d,
and does a good job predicting normal force, Figure 19a. Pitching moment
and side force predictions are both poorly predicted.

Figure 20 presents results for a finned modified after body store and
one shoulder store on the ejector rack. The shoulder store has fins and is
on the outboard station of the rack. The fins on the shoulder store cannot
be modeled by the method described in Reference 4. This configuration is at
5 degrees angle of attack and is of intermediate complexity, i.e. it is less
complex than the one used to calculate the results presented in Figure 19,
but more complex than the one used for compariscns in Figure 18. As was
mentioned earlier, the methods presented in this report cannot predict fin
forces. Therefore, the increment in force due to the fins predicted by
Reference 4 has been added to the body forces predicted by the methods
describad in this report to obtain the total forces acting on the store.

For the force prediction all four methods yielded essentially the same
prediction. Normal force predictions are good, but side force predictions
leave a little to be desired. The Slender Body and Source-Doublet methods

24
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both give excellent agreement with experiment when the cross-flow model is
included in the flow-field prediciion method. The Source-Doublet wethod
shows very good agreement with the yawing moment data both with and with-
out the cross-flow model. Slender Body theory gives very poor prediction
of the yawing moment.

Figure 21 is for the most complex configuration for which data in the
joint Air Force/Navy test. The F-4c is at 5 degrees angle of attack with
two finned stores on the shoulder station of the ejector rack. The Source-
Doublet theory with the cross-flow model shows excellent agreement with
the experimentally measur2d normal force. Agreement within the first two
diameters below the carriage positior for pitching moment is poor for all
four methods with Slender Body theory being slightly better than the
Source-Doublet predictions. Side force prediction is poor for all four
methods. Again the Source-Doublet method does a very good job of predict-
ing the yawing moment, certainly much better than Slender Body theory.

In all comparisons, which include several not presented, the yawing
moment prediction was consistently well predicted by the Source-Doublet
method.
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SECTION IX
CONCLUSIONS

The Source-Doublet method presented here has shown enough potential
? | to warrant further investigation. The flow-field prediction of Reference 4,
with the method described in Section VII, needs to be studied, Flow-field
data from che joint AFFDL/NWC test, References 11 and 12, could be used.
The method seems to consistently predict moments better than forces.
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Figure 3. Short Wake Model Separation at .9 x/2
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Figure 4. Short Wake Model Separation at 1.0 x/2
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Figure 5 (Contd). Long Wake Model Separation at 1.0 x/1
(c) Alpha=6° Mach Number=.25

33




! AFWAL-TR-81-3059

e MACH NO. = .25 ALPHA = 8.0
f | NO. CIRCUMFERENTIAL SEGMENTS 20 NO. OF SINGULARITIES 65
]
; f NO. LONGITUDINAL SEGHMENTS FOR §. B. THEORY 40
i
P
; CN cM
} SOURCE-DOUBLET .261 .863
o ——- S. B. THEORY .281 .853
' j STRAIN-GAUGE DATA .358 .682
i
‘ -
T o
~ _.1 (=)
Xy
(4]
o
o«
o
o
><cJ
Q
~
=
Qo
Qo
Q
Q. m MmO () o o _0._2_-0
() T ——
o
e
'0.00 0.08 0.17 0.25 0.33 0.42 0.50
X.FEET

Figure 5 (Contd). Long Wake Model Separation at 1.0 x/2
(d) Alpha=8° Mach Number=.25
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Figure 5 (Contd). Long Wake Model Separation at 1.0 x/%
(e) Alpha=2° Mach Number=.70
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Figure 5 (Contd). Long Wake Model Separation at 1.0 x/z
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Figure 7. Wind-Tunnel Models Used in Sample Calculations

(a) Wing-Fuselage Combination
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igure 7. Wind-Tunnel Models Used in Sample Calculations
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Figure 8. Wino-Body Forces and Moments
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Fiqure 8 (Concluded). Wing-Body Forces and Moments (b) dcy/dx VS X
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Figure 9. Wing-Body-Pylon Forces and Moments 1
(a) 9%dx vs x |
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Figure 10. Wing-Body-Pylon-TER Forces and Moments

(a) dcn/dx VS X
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Figure 11, Wing-Body-Pylon-TER-Shoulder Stores Forces and Moments and
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(b) Configuration modified for sting support.

Figure 15. Finned MK-83 Bomb Model
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